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Pending Claims with Amendments Shown 



24. (Amended) An array of polynucleotides, comprising: 

a closely packed planar array of microparticles , the closely packed planar array having 
either a number of microparticles per unit area that is at least eighty percent of the number of 
microparticles in a hexagonal array of equal area or an average distance between centers of 
adjacent microparticles less than two microparticle diameters ; and 

a plurality of different polynucleotides attached to [ each of ] the microparticles such that 
each different polynucleotide is attached to a different microparticle. 

25. (Cancelled) [ The array of claim 2 4 , wherein closely packed with refer e nc e to the planar 
array of microparticles requires e ith e r that the number of microparticles per unit ar e a in th e 
planar array is at l e ast eighty p e rcent of the number of microparticl es in a h e xagonal array of 
equal area or that the av e rage distanc e between b e tween cent e rs of adjacent microparticles is l es s 
than two microparticle diameters. ] 

26. The array of claim 24, wherein the diameter of each of the microparticles is between 
about 0.1 nm and 100 ^m. 

27. The array of claim 24, wherein the plurality of different polynucleotides comprises a 
cDNA library. 

28. The array of claim 24, wherein the planar array of microparticles is disposed in a flow 
chamber. 

-35. (New) The array of polynucleotides of claim 24, wherein said closely packed planar array has a 
number of microparticles per unit area that is at least eighty percent of the number of microparticles 
in a hexagonal array of equal area.— 
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We describe a novel sequencing approach that combines non-gel-based signature sequencing 
with in vitro cloning of millions of templates on separate 5 \xm diameter microbeads. After constructing a 
microbead library of DNA templates by in vitro cloning, we assembled a planar array of a million template- 
containing microbeads in a flow cell at a density greater than 3 x 10 6 microbeads/cm 2 . Sequences of the 
free ends of the cloned templates on each microbead were then simultaneously analyzed using a fluores- 
cence-based signature sequencing method that does not require DNA fragment separation. Signature 
sequences of 16-20 bases were obtained by repeated cycles of enzymatic cleavage with a type lis restric- 
tion endonuclease, adaptor ligation, and sequence interrogation by encoded hybridization probes. The 
approach was validated by sequencing over 269,000 signatures from two cDNA libraries constructed from 
a fully sequenced strain of Saccharomyces cerevisiae, and by measuring gene expression levels in the 
human cell line THP-1. The approach provides an unprecedented depth of analysis permitting application 
of powerful statistical techniques for discovery of functional relationships among genes, whether known 
or unknown beforehand, or whether expressed at high or very low levels. 

Keywords: DNA sequencing, ligation, gene expression, fluid microarray, yeast 



After the first complete sequence of a human genome is obtained, 
the next challenge will be to discover and understand the function 
and variation of genes and, ultimately, to understand how such qual- 
ities affect health and disease 1 ' 2 . A key to this undertaking will be the 
availability of methods for efficient and accurate identification of 
genetic variation and expression patterns among large sets of genes 2 . 
Several powerful techniques have been developed for such analyses 
that depend either on specific hybridization of probes to microar- 
rays 3,4 or on the counting of tags or signatures of DNA fragments 5-8 . 
Whereas the former provides the advantages of scale and the capa- 
bility of detecting a wide range of gene expression levels, such mea- 
surements are subject to variability relating to probe hybridization 
differences and cross- reactivity, element-to-element differences 
within microarrays, and microarray-to-microarray differences 9 " 11 . 
On the other hand, the latter methods, which provide digital repre- 
sentations of abundance, are statistically more robust; they do not 
require repetition or standardization of counting experiments (since 
counting statistics are well modeled by the Poisson distribution), 
and the precision and accuracy of relative abundance measurements 
may be increased by increasing the size of the sample of tags or sig- 
natures counted 9 . Unfortunately, however, this property is difficult 
to realize routinely because of the cost and scale of effort required. 

To address some of these problems, we describe a method for 
sequencing DNA that does not require physical separation of frag- 
ments and show how combining it with in vitro cloning of DNA 
templates on microbeads 12 results in a robust new analytical plat- 
form for genomic analysis. The power of this approach, which we 
refer to as massively parallel signature sequencing (MPSS) analysis, 



resides in the ability to conveniently handle complex mixtures of 
nucleic acid fragments by in vitro cloning of constituent fragments 
onto microbeads in sufficient quantities to conduct and monitor 
biochemical or enzymatic reactions by fluorescent probes. We show 
that multiple cycles of a ligation-based DNA sequencing method can 
be simultaneously carried out on a million microbeads, each having 
copies of a single template attached, to generate millions of signature 
sequences. Template-containing microbeads are assembled in a flow 
cell that constrains the microbeads to form a closely packed planar 
array that remains fixed as sequencing reagents are pumped through 
the flow cell. Sequencing progress is monitored optically by collect- 
ing and imaging fluorescent signals generated by the entire 
microbead array onto a CCD detector followed by image processing. 

We show how MPSS analysis can be used to simultaneously 
acquire in a single operation hundreds of thousands of signature 
sequences from a yeast cDNA library, and we validate the accuracy 
of the signatures by comparison with the known genome sequence 
of Saccharomyces cerevisiae. We also demonstrate the technique's 
potential for gene expression analysis by comparing expression lev- 
els of genes of the human acute monocytic leukemia cell line, THP- 
1, measured by MPSS analysis and by conventional sequencing. 

Results 

In vitro cloning on microbeads. Before sequencing, templates are 
"cloned" on microbeads by first generating a complex mixture of con- 
jugates between the templates and oligonucleotide tags, where the 
number of different oligonucleotide tags is at least a hundred times 
larger than the number of templates. For example, in the present 
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ooo AGTCCTAAGG A. NNNNACG/JgCTGScAGTC 

o o o TCAGGATTCCCATT TGCTgGAGgGTCAG - F n 

Bbvl 



Ligate/ldentlfy 



▼ 

ooo AGTCCTAAGGGTAAACGj 
ooo TCAGGATTCCCATTTGC 



CTGCCAGTC 
GACGjTCAG-F, 



4_ 



ooo AGTCCTAAGGGTAAACG 
ooo TCAGGATTCCCATTTGC 



1 



Cleave/Shorten Template 



ooo AGTCCT 
ooo TCAGGATTCC 



Repeat 

Figure 1. Ligation-based sequence determination using the type lis 
restriction endonuclease Bbvl. A mixture of adaptors including every 
possible overhang is annealed to a target sequence so that only the 
one having a perfectly complementary overhang is ligated. Each of 
the 256 adaptors has a unique label, F n , which may be detected after 
ligation. Above, the sequence of the template overhang is identified 
by adaptor label F 12 e, which indicates that the template overhang is 
"TTAC." The next cycle is initiated by cleaving with Bbvl to expose 
the next four bases of the template. 

implementation, cDNA templates representing 3-4 x 10 4 different 
transcripts are inserted into a cloning vector containing a set of 1.67 x 
10 7 different 32-mer oligonucleotide tags to form a set of 5-7 x 10 u 
conjugates. A sample of conjugates is taken that includes 1% of the 
total number of tags (-1.6 x 10 5 conjugates in the example), thereby 
ensuring that essentially every template in the sample is conjugated to a 
unique tag and that at least one of each of the 3-4 x 10 4 different 
cDNAs is represented in the sample with >99% probability. The sam- 
ple is then amplified by PCR, after which the tags are rendered single 
stranded and combined under stringent hybridization conditions with 

Table 1 . Sequences of encoded adaptors 3 

Common strand: 

5'-GACTGGCAGCTCGT 

Encoded adaptors for detecting base 1 : 

S'-NNNAACGAGCTGCCAGTCcatttaggcg 

5'-NNNGACGAGCTGCCAGTCctgattaccg 

5'-NNNCACGAGCTGCCAGTCaccaatacgg 

5'-NNNTACGAGCTGCCAGTCcgctttgtag 

Encoded adaptors for detecting base 2: 

5'-NNANACGAGCTGCCAGTCggaacctgaa 

S'-NNGNACGAGCTGCCAGTCtgtgcgtgat 

5'-NNCNACGAGCTGCCAGTCaccgacattc 

5'-NNTNACGAGCTGCCAGTCattcctcctc 

Encoded adaptors for detecting base 3: 

5'-NANNACGAGCTGCCAGTCcgaagaagtc 

5'-NGNNACGAGCTGCCAGTCtggtctctct 

5'-NCNNACGAGCTGCCAGTCtagcggactt 

5'-NTNNACGAGCTGCCAGTCggcgataact 

Encoded adaptors for detecting base 4: 

5'-ANNNACGAGCTGCCAGTCgcatccatct 

5'-GNNNACGAGCTGCCAGTCcaactcgtca 

5'-CNNNACGAGCTGCCAGTCcacagcaaca 

5'-TNNNACGAGCTGCCAGTCgccagtgtta 

a Four-base overhangs in bold and decoder binding sites in lowercase. 
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Figure 2. Use of encoded adaptors to identify four bases in each 
ligation-cleavage cycle. After microbeads loaded with fluorescently 
labeled (F) cDNAs are isolated by FACS, the cDNAs are cleaved with 
Dpn 1 1 to expose a four-base overhang, which is then converted to a 
three-base overhang by a fill-in reaction. Fluorescently labeled (F) 
initiating adaptors containing Bbvl recognition sites are ligated to the 
cDNAs in separate reactions, after which the microbeads are loaded 
into flow cells. cDNAs are then cleaved with Bbvl and encoded 
adaptors are hybridized and ligated. Sixteen phycoerythrin (PE)- 
labeled decoder probes are separately hybridized to the decoder 
binding sites of encoded adaptors and, after each hybridization, an 
image of the microbead array is taken for later analysis and 
identification of bases. The encoded adaptors are then treated with 
Bbv\, which cleaves inside the cDNA to expose four new bases for 
the next cycle of ligation and cleavage. 

a population of microbeads that have attached all the different comple- 
mentary tags. Because the tags in the sample of conjugates make up 
only 1% of the total number of tags, only 1% of the microbeads will be 
"loaded" with template molecules. This 1% is concentrated into a 
library of loaded microbeads with a fluorescence-activated cell sorter 
(FACS). Each microbead in such a library has attached a population of 
about 10 4 — 10 5 identical copies of a single kind of template molecule. 

Principle of MPSS analysis. Template sequences are determined by 
detecting successful adaptor ligations (Fig. 1), and a signature is 
obtained by monitoring a series of such ligations on the surface of a 
microbead in a fixed position in a flow cell. The sequencing method 
takes advantage of a special property of a type lis restriction endonu- 
clease; namely, its cleavage site is separated from its recognition site by 
a characteristic number of nucleotides. Thus, a type lis recognition 
site can be positioned in an adaptor so that after ligation, cleavage will 
occur inside the template to expose further bases for identification in 
the following cycle. In the present implementation, cDNA templates 
on microbeads were initially cleaved by Dpnll and the resulting ends 
converted to three-base overhangs, to be compatible with the initiat- 
ing adaptors. Different initiating adaptors, whose type lis restriction 

Table 2. Accuracy of MPSS signatures for yeast. 



Log phase 



Clones 
sequenced 



Signatures 
identified 



Accuracy (%) 



Early 
Late 
Totals 



126,678 
142,415 
269,093 



115,685 
127,934 
243,619 



91 
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Inlet 



Outlet 



B 




Figure 3. Flow cell design and use. The flow cell (A, longitudinal cross 
section) was fabricated by micromachining a glass plate to form a 
grooved chamber for immobilizing microbeads in a planar array (B, 
top view; C, lateral cross section). Microbeads in solution are loaded 
into the flow cell through the inlet, travel along the grooves (fluid flow 
from left to right in panel D), and finally pack against a vertical 
constriction, or dam, adjacent to the outlet to form a quasi-random 
array (D, right-hand side). Any minor displacements of microbeads 
that takes place after loading and during application of reagents are 
tracked by image processing software. 

sites were offset by two bases, were ligated to two sets of microbeads to 
reduce signature losses from self-ligation of ends of cDNAs produced 
when cleavage with Bbvl fortuitously exposes palindromic overhangs. 
Encoded adaptors (Fig. 2 and Table 1) were used that permit the iden- 
tification of four bases in each cycle of ligation and cleavage, one base 
at a time. In each cycle, a full set of 1,024 encoded adaptors was ligated 
to the cDNAs, so that each microbead had an equal number of four 
different adaptors attached, one encoding the specific nucleotide at 
each position of the four-base overhang. The identity and ordering of 
nucleotides were then read off by specifically hybridizing, one at a 
time, each of 16 decoder probes to the decoder binding sites (lower- 
case bases in Table 1) of successfully ligated adaptors. The method 
continues with cycles of Bbvl cleavage, ligation of encoded adaptors, 
and decoder hybridization and fluorescence imaging. 

To collect signature data, a microbead must be tracked through 
successive cycles of ligation, probing, and cleavage, a condition that 
is readily met by using a flow cell (Fig. 3) that constrains the 
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Figure 4. MPSS system. The flow cell was mounted on a confocal 
fluorescent microscope (Model BX60MF5; Olympus Optical, Tokyo) 
fitted with 75 W xenon arc lamp, motorized filter wheels, a computer- 
controlled stage (Ludl Electronic Products, Hawthorne, NY), a CCD 
camera Model PXL (Photometries, Tucson, AZ) with a 2,000 x 2,000 
pixel array (Kodak KAF4200), and a custom-made Peltier block 
integrated with the stage to control temperature. Reagent selection, 
flow rate, and flow cell temperature was controlled by a pentium- 
based computer programmed in LabVIEW (National Instruments, 
Austin, TX). For imaging, the microbead array was divided into 18 
adjacent nonoverlapping subsections, each containing 
approximately 62,000 microbeads. For each subsection, two 
separate 10x images were collected: a fluorescent image and a 
reflected-light image for determining the center of each microbead 
during image processing. Image collection for each subsection took 
about 45 s and included the two imaging steps, two CCD data 
transfer steps, and a stage translation step. A 5 x 5 pixel array was 
assigned to each microbead image by image processing software 
such that the center of the microbead was contained in the central 
pixel of the array. A signal from a microbead was taken as the sum of 
values registered in the 9 central pixels of the 5x5 array in order to 
minimize contributions from adjacent microbeads. Raw data was 
collected for 20 bases from all microbeads in the flow cell in 
approximately five days. About 25% of the raw data sets yielded 
signatures after application of the base and signature calling 
algorithms. Data (not shown) from separate experiments 
demonstrate the per cycle efficiencies of adaptor ligation and 
cleavage within the flow cell to be about 80% and 90%, respectively, 
which are presently the primary contributors to overall loss of 
signatures in a sequencing run. Data (not shown) also indicate a 
significantly higher frequency of ambiguous base assignments 
among the higher numbered nucleotides of signatures, reflecting a 
fall in the signal-to-noise ratio in successive cycles. 

microbeads to remain in a closely packed monolayer. Fluorescent 
signals from the microbead array were imaged onto a CCD (Fig. 4), 
where a digital representation of the microbead array was created. 
Image processing software was used to track positions of, and moni- 
tor fluorescent signals from, individual microbeads through succes- 
sive hybridizations of decoder probes and through successive cycles 
of ligation and cleavage. False-color images of the microbead array 
(Fig. 5) display base calls in a color-coded format for any base posi- 
tion, and for each 20-base signature a collection of 65 separate fluo- 
rescent signals was collected for every microbead in the flow cell (see 
Experimental Protocol and Fig. 5 bar graph). 

Signature accuracy was assessed by constructing cDNA libraries 
from mRNA extracted from early and late log phase yeast cultures, 
and subjecting them to MPSS analysis (Table 2). Of the 269,093 sig- 
natures called by the data processing algorithm, more than 90% 
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Figure 5. A false-color image of a portion of a microbead array with 
inset showing raw signature data from the microbead at the indicated 
position. The called base is shown above each histogram. 
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were identified in public yeast databases, which is comparable to a 
similar measurement by serial analysis of gene expression (SAGE) 13 . 
These results not only provide evidence of the accuracy of MPSS 
analysis, but also provide strong validation of the in vitro cloning 
technique. Without significantly pure populations of templates on 
the surfaces of the microbeads, few if any signatures would have 
been obtained. The majority of signatures without database matches 
were single copy, suggesting they were likely due to sequencing 
errors. Factors that may contribute to the spurious signatures 
include errors in the yeast genomic sequence, and errors introduced 
through reverse transcription, PCR, and incorrect ligation of encod- 
ed adaptors to noncomplementary overhangs or single-stranded tag 
complements on the microbeads. 

The accuracy of gene expression measurements was also assessed 
by comparing expression levels of THP-1 genes measured by MPSS 
analysis and by conventional sequencing (Fig. 6). A database of over 
1,619,000 signatures from MPSS analysis was generated from 
cDNAs derived from induced THP-1 cells. Separately, 1,839 clones 
were selected from the same cDNA library and conventionally 
sequenced. The relative frequencies of the most highly expressed 
genes were in substantial agreement and the measurement error 
from MPSS analysis was extremely low (Fig. 6), reflecting the advan- 
tage of large samples of templates. Reasons for the significant dis- 
agreement in a few of the expression measurements, such as apofer- 
ritin heavy-chain transcript (HSAFH1) and B94 protein mRNA 
(HUMB94), are being investigated. 

Discussion 

We have described a method for sequencing cDNAs cloned on the 
surfaces of microbeads that does not require physical separation of 
fragments to generate sequence information. Because the ligation- 
based method generates a time series of spatially localized signals, 
millions of microbeads carrying cDNAs can be assembled in closely 
packed microarrays for simultaneous analysis. Signatures of 16-20 
bases are routinely generated, removing a source of ambiguity 14 
associated with other digital methods of gene expression analysis. 
Although the methodology is still in its infancy, its bases-per-day 
throughput per machine is comparable to presently available high- 
capacity commercial sequencers, and its signatures-per-day 
throughput per machine exceeds that of such machines by over 10- 



Figure. 6. Comparison of MPSS analysis with expressed sequence 
tag (EST) sequencing. A total of 1 ,839 randomly picked clones from a 
cDNA library derived from induced THP-1 cells were sequenced (PE 
Biosystems, Model 377 DNA Sequencer). The sequences were 
clustered and searched against GenBank with BLAST. The MPSS 
signatures corresponding to the EST clusters were then tabulated 
from the MPSS database of signatures from the same cDNA library. 
Percentage total for MPSS data is the average abundance measured, 
with actual measured error shown. Percentage total for the EST data 
is the number of sequences clustered out of the 1,839 selected 
clones, with the 99% confidence interval used for error. A 1 % relative 
abundance corresponds to about 2,500 microbead signatures for 
MPSS data and to about 18 sequences for the EST data. 

fold. The defining performance characteristic of the MPSS approach 
is the generation of very large numbers of short read-length 
sequences: Whereas conventional sequencing machines process 
thousands of templates to give sequence read lengths of hundreds of 
bases, MPSS machines process millions of templates to give sequence 
read lengths of a few tens of bases. The parallelism of MPSS analysis 
is achieved at the molecular level; millions of templates are handled 
together in just a few reactions, without the need of separate isola- 
tion, processing of templates, or complex robotic systems. These 
characteristics make MPSS analysis particularly well suited for pro- 
viding comprehensive assessments of gene expression. 

Experimental protocol 

Construction of oligonucleotide tag and anti-tag libraries, in vitro cloning, 
and formation of microbead libraries. Reagents and procedures used for in 
vitro cloning of cDNA templates on microbeads have been described else- 
where 12 . Briefly, a library of 32-mer anti-tags was synthesized by eight rounds 
of combinatorial addition of eight 4-mer subunits on glycidyl methacrylate 
microbead substrates (Bangs Laboratories, Fishers, IN). Approximately 10% of 
the anti-tags attached by a base-labile group were cleaved and used to construct 
a tag vector library into which cDNA derived from yeast or THP-1 cells was 
inserted to form tag-cDNA conjugate libraries. DNA was transformed into 
electro-competent Escherichia coli TOP 10 cells (Invitrogen, Carlsbad, CA), 
which were grown in liquid cultures. For the microbead libraries, samples of 
160,000 clones each were grown in 50 ml liquid cultures, after which tag-cDNA 
vectors were purified and tagged cDNAs were amplified using flanking PCR 
primers, one of which was fluorescently labeled. Tags of the amplified DNA 
were rendered single stranded as described 12 , and 50 ug of the resulting mixture 
was combined with an aliquot of 16.7 million microbeads, each having about 
10 6 copies of a single anti-tag, in a 100 (il reaction. The sample was incubated 



NATURE BIOTECHNOLOGY VOL 18 JUNE 2000 http://biotech.nature.com 



633 



RESEARCH ARTICLES 



for three days at 72°C, after which the microbeads were washed twice and the 
1% microbeads having the brightest fluorescent signals were sorted on a 
MoFlo cytometer (Cytomation, Fort Collins, CO). Loaded, sorted microbeads 
were treated with T4 DNA polymerase in the presence of dNTP to fill in any 
gaps between the hybridized conjugate and the 5' end of the anti-tag, after 
which the anti-tag was ligated to the cDNA by T4 DNA ligase. 

Adaptors and decoder probes. Top strands of 16 sets of encoded adaptors 
(Table 1) were synthesized on an automated DNA synthesizer (PE Biosystems, 
Foster City, CA) where each set comprised 64 individual adaptors, and were 
separately combined with a common second strand to form double-stranded 
adaptors each having a single- stranded decoder binding site (lowercase) and a 
Bbvl recognition site positioned so that cleavage occurs immediately beyond 
the adaptor's four-base overhang. All 1,024 adaptors were combined in enzyme 
buffer (EB; 10 mM Tris-HCl, 10 mM MgCl 2 , 1 mM dithiothreitol, 0.01% 
Tween 20). Then, 16 decoder probes were synthesized each having a sequence 
complementary to a different decoder binding site and a pyridyldisulfidyl R- 
phycoerythrin label (Molecular Probes, Eugene, OR) attached by a sulfosuc- 
cinimidyl 6-(3(2-pyridyldithio)propionamido)hexanoate crosslinker (Pierce, 
Rockford, IL) to an amino group (Clontech, Palo Alto, CA) attached through 
two polyethylene glycol (PEG) linkers to the 5' end of the decoder oligonu- 
cleotide. Sixteen decoder probes were made (10 nM decoder in system buffer 
(SB), which consists of 50 mM NaCl, 3 mM MgCl 2 , 10 mM Tris-HCl (pH 7.9), 
0. 1% sodium azide). To initiate sequencing reactions by Bbvl cleavage at differ- 
ent positions along the cDNA templates offset by two bases, initiating adaptor 
1 (5'-FAMssGACTGGCAGCTCGT, 5'-pATCACGAGCTGCCAGTC) and ini- 
tiating adaptor 2 ( 5 ' - FAMssG ACTGGC AGCAGTCGT, 5'-pATCACGACT- 
GCTGCCAGTC) were synthesized, where "FAM" is 6-carboxyfluorescein 
(Molecular Probes), "s" is a PEG linker (Clontech), and "p" is phosphate 
(Clontech). To block ligation of encoded adaptors to free tag complements on 
the microbeads, cap adaptor (5'-DGGGAAAAAAAAAAAAAA, 5'- 
xTTTTTTTTTT) was synthesized, where x is a thymidylic residue (Glen 
Research, Sterling, VA) attached in reverse orientation to prevent concatena- 
tion of adaptors. 

Sequencing DNA on microbeads. cDNAs on 2 million microbeads were 
digested with Dpnll (New England Biolabs, Beverly, MA) to provide a 5'- 
GATC overhang. After centrifugation and removal of the supernatant, the 
microbeads were treated with T4 DNA polymerase in the presence of 0. 1 mM 
dGTP for 30 min at 12°C to create three-base overhangs on the free ends of 
the attached cDNAs. The microbeads were divided into two parts, and initi- 
ating adaptors 1 and 2 were separately ligated to different parts by combining 
10 6 microbeads in 5 pi of TE (10 mM Tris, 1 mM EDTA) and 0.01% Tween 20 
with 3 |xl 10X ligase buffer (New England Biolabs), 5 ul adaptor in EB (25 
nM), 2.5 Ul T4 DNA ligase (2000 U pi 1 ), and 14.5 pi distilled water, and 
incubating at 16°C for 30 min, after which the microbeads were washed three 
times in TE (pH 8.0) with 0.01% Tween. After resuspension in TE with 
0.01% Tween, 10 6 microbeads of each part were loaded into separate flow 
cells where they were processed identically. 

Reagents were pumped through the flow cells at a rate of 1 pi min 1 . SB was 
applied for 15 min at 37°C and for 15 min at 25°C, after which cap adaptor (1 
nmol uJ-i in EB, T4 DNA ligase (Promega, Madison, WI) at 0.75 U jxl" 1 ) was 
twice applied for 25 min at 16°C, first followed by SB for 10 min, Pronase wash 
(0.14 mg ml* 1 Pronase (Boehringer, Indianapolis, IN) in PBS (Life 
Technologies, Rockville, MD) with 1 mM CaCl 2 ) for 25 min, and SB for 20 
min, all at 37°C; and second followed by SB for 10 min, Pronase wash for 25 
min, salt wash (SB with 150 mM NaCl) for TO min, and SB for 10 min, all at 
37°C. The microbeads were then imaged and positions in the flow cells record- 
ed, after which three cycles of the following steps were carried out: Bbvl (1 U 
pi 1 in EB with 1 nmol of carrier DNA: 5'-AGTGAACCTCGT- 
TAGCCAGCAATC) was applied for 30 min, followed by SB for 10 min, 
Pronase wash for 25 min, salt wash for 10 min, and SB for 10 min, all at 37°C. 
Ligation mix ( 1 nmol ul 1 encoded adaptor, 0.75 U pi -1 T4 DNA ligase in EB) 
was twice applied for 25 min at 16°C, first followed by SB for 10 min, Pronase 
wash for 25 min, and SB for 20 min, and second followed by SB for 10 min, 
Pronase wash for 25 min, and SB for 10 min, all at 37°C. Kinase mix (0.75 U u.1 1 
T4 DNA ligase, 7.5 U pi 1 T4 polynucleotide kinase (New England Biolabs) in 
EB) was applied for 30 min at 37°C, followed by SB for 10 min, Pronase wash 
for 25 min, salt wash for 10 min, and SB for 10 min, all at 37°C SB was applied 
for 75 min at temperatures varying between 20°C and 65°C, after which each 
decoder probe was successively applied for 15 min at 20°C, each application 
being followed by SB for 10 min at 20°C, microbead imaging with flow 
stopped, 100 mM dithiothreitol in SB for 10 min, and SB alone for 10 min 
both at 37°C Each cycle was completed by applying SB for 10 min, Pronase 



wash for 25 min, salt wash for 10 min, all at 37°C, followed by SB for 10 min at 
55°C and for 15 min at 20°C 

Base and signature calling. Raw data for a signature consists of a set of 65 
fluorescence intensity values: 64 that consist of the 16 groups of four measure- 
ments from the interrogation of each base position by decoder probes for A, 
C, G, and T, over the four cycles, and a single fluorescence measurement of a 
signal generated by the initiating adaptor that is assigned to each nucleotide in 
the initial GATC overhang. After subtracting noise, a base (A, C, G, or T) was 
assigned to a position if its value was at least three times the next highest value 
and was above a predetermined minimum value. If the latter condition was 
met for the highest and next highest values, but not the former, then a two- 
base ambiguity code (R, Y, M, K, S, or W) was called if both values were above 
the predetermined minimum. Only a single ambiguous base was allowed per 
signature. Signatures were searched for homology in three yeast databases 
using the National Center for Biotechnology Information (NCBI) BLASTN 
Version 2.0 15 with default parameters, unless an ambiguous base was present 
in the signature. In the latter case, BLASTN was used with the word size para- 
meter set to 7. The SGD open reading frame DNA database 16 was searched 
first, and a match was recorded if at least 16 consecutive bases matched those 
of a database sequence. If no matches were found for a signature, the NCBI 
yeast genomic database was then searched, and if still no matches were record- 
ed, the NCBI nonredundant nucleotide database, nt, was searched. 

Cell culture. Saccharotnyces cerevisiae strain S288C (ATTC No. 204508) 
was grown as described 17 . Briefly, strain S288C was grown with orbital shak- 
ing at 30°C in YPD medium. Early and late log phase cultures were harvested 
at densities of A 60 o= 0.6 and A^qq - 3.2, respectively. Cells were disrupted by 
repeated vortexing in the presence of lysis buffer (Novagen, Madison, WI) 
containing 500 Jim glass beads (Sigma, St. Louis, MO), after which mRNA 
was purified from the lysate using a' Straight As mRNA isolation system 
(Novagen). THP-1 cells (ATCC No. TIB-202) were grown in DMEM/F12 
medium supplemented with 10% heat-inactivated fetal bovine serum and 
induced by phorbol myristate acetate and lipopolysaccharide treatment as 
described elsewhere 12 . 
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Exhibit C 






Ligation 9 Linkers or Adapters 
to Double-Stranded cDNA 

Linkers or adapters can be ligated to double-stranded cDNA (units j) to pro^ 
endonuclease sites used in the production of a cDNA library (unit 5.s). For cloning 
purposes, only one linker or adapter must be present on each end of the cDNA. However, 
multiple linkers are usually ligated to the cDNA because both ends are phosphorylated 
and contain cohesive sequences. As a result, cDNA must first be methylated to protect it 
from a subsequent restriction digest designed to remove the multiple linkers (basic 
protocol). The procedure for ligating adapters to the cDNA is much simpler than that for 
linkers because only one end is phosphorylated, resulting in the ligation of just one adapter 
(alternate protocol). Linkered or adapted cDNA is then passed over a Sepharose CL-4B 
column to remove unligated linkers or adapters and other low-molecular- weight material 
(<350 bp) that would interfere with cloning (support protocol). This double-stranded 
cDNA is concentrated by ethanol precipitation and may be cloned directly (unit 5.8) or 
further fractionated by agarose gel electrophoresis (units 2.5 & 2.6). 

METHYLATION OF cDNA AND LIGATION OF LINKERS 

To convert blunt-ended, double-stranded cDNA into DNA suitable for ligation to a vector, 
it is methylated by EcoRl methylase, ligated to EcoRl linkers, and digested with EcoRl. 
The methylation step protects EcoRl sites in the cDNA from EcoRl digestion. Linkered 
cDNA is then purified as described above. 

Materials 

Blunt-ended, double- stranded radiolabeled cDNA (unit 5.5) 
2x methylase buffer (Table 3.1 .3) 

50x 5-adenosylmethionine (SAM), freshly prepared (or from New England 

Biolabs with order of methylase) 

EcoRl methylase (New England Biolabs; unit 3.1) 

TE buffer (appendix 2) 

Buffered phenol (unit2.i) 

Diethyl ether 

7.5 M ammonium acetate 

95% and 70% ethanol, ice-cold 

1 Ox T4 DNA ligase buffer (unit 3 a) containing 5 mM ATP 

1 M-g/p.1 phosphorylated EcoRl linkers, 8- or 10-mers (Collaborative Research) 

T4 DNA ligase (measured in cohesive-end units; New England Biolabs; unit 3.14) 

EcoRl restriction endonuclease and lOx buffer (unit 3.1) 

lOx loading buffer without Xylene Cyanol (unitzsa) 

CL-4B column buffer 

Agarose, electrophoresis-grade 

TBE electrophoresis buffer (appendix 3) 

Ethidium bromide solution (unitzsa) 

DNA molecular weight markers (unitzsa) 

10 mg/ml tRNA 

3 M sodium acetate 

65°C water bath 

5-ml CL-4B column (see support protocol) 
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Additional reagents and equipment for cDNA synthesis (unit5.5\ quantitation of 
DNA (appendix 3), agarose gel electrophoresis (UNIT2M), and fragment purifica- 
tion (UNIT2.6) 

NOTE: See discussion of preparation of buffer stocks in reagents and solutions section. 

Me thy late blunt-ended, double-stranded cDNA 

1. Dissolve blunt-ended, double-stranded cDNA pellet from unit 5 5 in 23 |il water and 
add in the following order (50 Ml final volume): 

25 nl 2x methylase buffer (Ix final) 

1 nl 50x SAM (20 Hg/ml final). 

Mix gently by pipetting up and down with a pipettor. Add 1 |xl (20 U) EcoRl methylase 
to 400 U/ml final, mix as above, and incubate 2 hr at 37°C. 

2. Add 150 \xl TE buffer and extract with 200 |il buffered phenol beginning with the 
vortexing as in step 5 of the cDNA synthesis protocol in unit 5.5. Back extract the 
phenol phase with 100 |xl TE buffer and pool the aqueous phases as described in step 
6 of the cDNA synthesis protocol in unit 5.5. 

The cDNA, if prepared as described in the cDNA synthesis protocol, may be followed 
at all stages with a hand-held radiation monitor. 

3. Extract 300 |il of aqueous phase twice with 1 ml diethyl ether as described in step 7 
of the cDNA synthesis protocol in unit 5. 5. 

4. Ethanol precipitate with 125 |il of 7.5 M ammonium acetate and 950 yd of 95% 
ethanol, then wash with ice-cold 70% ethanol as described in steps 8 and 9 of the 
cDNA synthesis protocol in unit 5.5. 

Ligate EcoRI linkers 

5. Dissolve DNA in 23 |il water and add in the following order (30 jxl final volume): 

3 |il lOx T4 DNA ligase buffer containing 5 mM ATP (lx and 
0.5 mM ATP final) 

2 |il 1 \ig/\\l phosphorylated EcoRl linkers (67 \ig/m\ final). 

Mix gently by pipetting up and down with a pipettor. Add 2 |il (800 U) T4 DNA ligase 
to 27,000 U/ml final, mix as above, and incubate overnight at 4°C. 

6. Microcentrifuge the ligation briefly and place tube in a 65°C water bath 10 min to 
inactivate the ligase. 

Digest with EcoRI 

7. Place tube on ice 2 min, then add in the following order: 

95 pi H 2 0 

15 |il lOx EcoRl buffer (lx final). 

. Mix gently by pipetting up and down with a pipettor. Add 10 |il (200 U) EcoRI 
restriction endonuclease to 1 300 U/ml final, mix as above, and incubate 4 hr at 37°C. 

During incubation, prepare the CL-4B column described in the support protocol. 

8. Add an additional 3 nl (60 U) EcoRl restriction endonuclease to the cDNA, mix, and 
incubate another hour at 37°C to ensure complete digestion of the linkers. 

9. Place the tube containing the reaction mixture in a 65°C water bath 10 min to 
inactivate the endonuclease. 
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Remove excess linkers 

10. Add 2 (xl of lOx loading buffer without Xylene Cyanol to the reaction and load the 
cDNA onto a 5-ml CL-4B column prepared in a 5-ml disposable plastic pipet. 

1 1 . Allow the loaded sample to enter the column just until the top of the gel becomes dry. 
Fill the pipet with CL-4B column buffer and allow the column to flow by gravity, 
collecting -200-^1 fractions manually. Follow the cDNA with a hand-held radiation 
monitor; the bromphenol blue indicates the position of digested linkers. Stop collect- 
ing fractions after the main peak of counts has eluted and before the dye begins to 
elute. 

12. Count 2-nl aliquots of each fraction and plot the results— the elution profile should 
appear similar to what is shown in Figure 5.6.1. 

13. Pool the first one-half of the peak (save the rest as an ethanol precipitate, just in case); 
add 2.5 vol ethanol (using two or three microcentrifuge tubes as necessary), mix, and 
place 15 min on dry ice. 

The column buffer has sufficient NaCl for precipitation and no more should be added. 
If the cDNA is not to be ligated or further size-fractionated immediately, store it as an 
ethanol precipitate, 

14. Remove the tubes from dry ice, let thaw, and microcentrifuge 10 min at full speed, 
4°C; remove most of the supernatant, fill the tubes with ice-cold 70% ethanol, and 
microcentrifuge again. Remove most of the supernatant and dry the pellets under 
vacuum. Resuspend pellets in a total of 50 (il TE buffer. 

15. Determine the cDNA concentration. Determine the amount of 32 P in 1 ^1 by scintil- 
lation counting and fractionate 2.5 jxl on a 1% agarose minigel (see vnit2S) to check 
the average cDNA size by ethidium fluorescence or autoradiography. A significant 
fraction of the double-stranded cDNA should be larger than 1.5 kb. If the double- 
stranded cDNA is to be cloned with no further size fractionation, proceed to ligation 
protocols in units.8\ otherwise, continue with step 16. 

Approximately 50% to 70% of the starting radioactivity (1 to 3 pig ofcDNA) should be 
recovered and most of the cDNA should be >L5 kb. 

Since only 50 to 100 ng ofcDNA are required to produce a full complexity library with 
a phage vector, it is recommended that a library be produced at this stage in any event. 
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Figure 5.6.1 Fractionation of EcoRI-digested cDNA by (A) Sepharose CL-4B chromatography 
and (B) agarose gel electrophoresis. 
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A library may be stored for years and may be useful in the future. For example, 
sequences related to the gene of interest may be identified that were excluded from a 
size-fractionated library. 

Size-select the cDNA to obtain long inserts 

16. Pour a 0.8% TBE agarose minigel — the gel should be thick enough such that all of 
the cDNA will fit into a single well. Rinse the gel box, tray, and comb thoroughly, 
and use fresh TBE electrophoresis buffer. 

High-quality, nuclease-free agarose that does not inhibit ligation is essential Most 
commercial agarose advertised as molecular biology grade is adequate. The agarose 
may be checked by first carrying an EcoRl fragment of a plasmid through the procedure 
and comparing its cloning efficiency in the cDNA vector, expressed as recombinants/ ng 
insert, to the cloning efficiency of the same fragment prior to fractionation. Wash the 
gel box thoroughly afterward! 

17. Add lOx loading buffer to lx final to the cDNA and load it into a well near the center. 
Load DNA molecular weight standards (e.g., an Hindlll digest of X phage) two wells 
away from the sample. Electrophorese at 70 V until adequate resolution is achieved 
as determined by ethidium bromide fluorescence, usually 1 to 4 hr. 

Be sure not to use standards with EcoRI ends. 

1 8. Elute double-stranded cDNA of the desired size as estimated by comparison with the 
comigrated standards. 

XgtlO and Xgtll have a maximum insert size of 7 kb, so collecting cDNA larger than 
this won't be useful unless a plasmid vector or a phage vector such as Charon 4A or 
EMBL 4 will be used. 

19. Add 10 mg/ml tRNA to 20 ^tg/ml final, Mo vol of 3 M sodium acetate, pH 5.2 (appendix 
2), and 2.5 vol ice-cold 95% ethanol and place 15 min on dry ice. Microcentrifuge, 
wash and dry as in step 14, and resuspend pellet in 20 |xl TE buffer. 

Ethanol precipitation also extracts the ethidium from the DNA. 

20. Determine radioactivity in 1 jol using a fluor and scintillation counter and then 
calculate the recovery of double-stranded cDNA (see commentary). Proceed to 
library construction protocols in unit 5.8. 

LIGATION OF BstXl SYNTHETIC ADAPTERS 

Blunt-ended, double-stranded cDNA is ligated to phosphorylated BstXl adapters and then 
purified as described in the basic protocol. Alternatively, EcoRl or EcoRl-Notl adapters 
may be used for cDNA to be cloned in vectors with the EcoRl site (Fig. 5.6.2). This 
protocol is simpler than that for linkers because the methylation and restriction digestion 
steps are unnecessary. 

Additional Materials 

1 BstXl adapters (unit2M\ Invitrogen), EcoRl adapters (New England Biolabs), or 
EcoRl-Notl adapters (Invitrogen) 

1. Dissolve blunt-ended, double-stranded cDNA pellet in 23 (il water and add in the 
following order (30 |il final volume): 

3 nl lOx T4 DNA ligase buffer containing 5 mM ATP 
(lx and 0.5 mM ATP final) 

2 pi 1 |ig/|al EcoRl, EcoRl-Notl, or phosphorylated BstXl adapters 
(67 Hg/ml final). 
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ft 



adapters 



/ 



\ 



5' CCATTGTG 



CTCTAAAG 



CTTTAGAGCACA 



ATGG 3' 



X GGTA ACACGAGATTTC 



GAAATCTC GTGTTACC 5' 




vector cut with BstXl 



Figure 5.6.2 Noncomplementary adapter strategy. The insert and vector ends are compatible with 
each other but cannot self-ligate because the cohesive ends are not self-complementary. The BsfXI 
sites (underlined and bold) are not regenerated. 



Mix gently by pipetting up and down with a pipettor. Add 2 |il (800 U) T4 DNAligase 
to 27,000 U/ml final, mix as above, and incubate overnight at 4°C. 

// is helpful to use 32 P4abeled cDNA to follow the DNA on the subsequent CL-4B 
column. If the cDNA is not 32 P-labeled t it may be labeled at this step by using 
[ 32 P] labeled adapters, prepared with [y- 32 P]ATP as in the T4 polynucleotide kinase 
exchange reaction ( unit 3. io). Alternatively, if the adapters are not yet phosphorylated, 
they may be labeled with [y- 32 P]ATP as in the T4 polynucleotide kinase forward 
reaction (unit 3 jo). 

2. Add 100 jil TE buffer and remove excess adapters as in steps 10 to 15 of the basic 
protocol If desired, size-select the cDNA as in steps 16 to 20 of the basic protocol 
Resuspend purified cDNA pellet (obtained from either the CL-4B column or the gel) 
in 10 to 15 ^1 TE buffer. Proceed to library construction protocols in unit 5.8. 

Because adapter dimers formed during the ligation reaction will clone into the vector 
very efficiently, removal of the excess adapters is essential 

PREPARATION OF A CL-4B COLUMN 

The CL-4B column (Fig. 5.6.3) effectively removes linkers or adapters that would 
otherwise interfere in subsequent cloning steps; it also allows selection of cDNA>350 bp 
(see basic and alternate protocols). The column may be prepared while the cDNA is being 
digested with EcoRl, as described in steps 7 and 8 of the basic protocol 

Additional Materials 

Preswollen Sepharose CL-4B (Pharmacia), 4°C 
CL-4B column buffer 

Silanized glass wool 

Plastic tubing (new) with clamp 
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Figure 5.6.3 
£350 bp. 



CL-4B column used for removal of EcoRI-digested linkers and selection of cDNA 



1. Transfer 10 ml of preswollen Sepharose CL-4B to a 50-ml polypropylene tube and 
fill the tube with CL-4B column buffer. Mix by inverting several times and let the 
Sepharose CL-4B settle by gravity for 10 to 15 min. Aspirate the buffer above the 
settled gel, removing also the unsettled "fines." 

2. Fill the tube two times with CL-4B column buffer— allow the Sepharose CL-4B to 
settle each time and remove the fines as in step 1. 

3. Add 10 ml CL-4B column buffer and mix by inverting several times. Incubate the 
tube 10 min at 37°C, then proceed at room temperature, 

Outgassing may occur if the column is poured cold. The bubbles thus formed in the 
gel will interfere with the chromatography. 

4. Break off the top of the 5-ml plastic pipet. Wearing gloves, use the 1 -ml pipet to push 
a small piece (3- to 4-mm 3 ) of silanized glass wool down to the tip of the 5-ml pipet. 
Push a 3-cm length of plastic tubing firmly onto the tip of the 5-ml pipet. Clamp the 
tubing and attach the column to the ring stand as shown in Figure 5.6.3. 

5. With a pipet, carefully fill the column with the gel slurry from step 3. After a few 
minutes, release the clamp on the tubing and allow the column to flow. Periodically 
add more slurry to the column as the level drops until the volume of packed gel in 
the column is at the 5-ml mark. 

6. Allow the level of buffer in the column to drop until it is just above the level of the 
gel and clamp the tubing to stop the flow. The column is ready to be loaded (see basic 
or alternate protocols). 
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REAGENTS AND SOLUTIONS 

Buffer stock solutions 

Prepare >10 ml of each of the following stock solutions. Use autoclaved water and 
pass each solution through a sterile 0.45-jxm filter. Store at room temperature unless 
otherwise indicated. 

1 M TrisCl, pH 8.0 and pH 7.5 

0.5 M EDTA, pH 8.0 

3 M sodium acetate, pH 5.2 

5 M NaCl (prepare 100 ml) 

lMMgCl 2 

7.5 M ammonium acetate 
20% AMauroylsarcosine (Sarkosyl) 
1 M DTP, store at -20°C in tightly capped tube 
0.1 M ATP, pH 7.0 (prepare 1.0 ml); neutralize as described in unit3a\ 
store at-20°C 

From these stock solutions, prepare the following buffers, which should be checked 
for nuclease activity as described in unit 5 x Enzyme buffers should be frozen in 
200-|xl aliquots at -80°C in screw-cap microcentrifuge tubes. Enzyme buffers 
prepared and stored as described will last for years. 

Several of these solutions are routine and may be already available. Nonetheless, to 
help ensure success, it is best to prepare separate stocks for critical applications such 
as library preparation. 

CL-4B column buffer, 500 ml 
5mllMTris-a, pH 8.0 
60 ml 5 M NaCl 
1 ml 0.5 M EDTA, pH 8.0 
2.5 ml 20% Sarkosyl 
431.5 ml H 2 0 

Filter sterilize and store at room temperature 

SOx S-adenosylmethionine (SAM) 
lmg SAM 

1,0 ml SOx SAM dilution buffer (see below) 

Prepare fresh just prior to use. Store dry SAM at -80°Cfor no longer than 2 months. 

SOx SAM dilution buffer, 7 ml 

330 nl 3 M sodium acetate, pH 5.2 

6.67 ml H 2 0 

Store in 1-ml aliquots 

Silanized glass wool 

Submerge the glass wool in a 1:100 dilution of a silanizing agent such as Prosil 28 
(V WR) for 15 sec with shaking. Rinse the glass wool extensively with distilled H2O. 
Autoclave the glass wool for 10 min and store at room temperature. 
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COMMENTARY 

Background Information 

The most common method currently em- 
ployed to create compatible ends on cDNA 
prior to cloning is the attachment of synthetic 
linkers (basic protocol). This has for the most 
part superseded homopolymeric tailing 
(Maniatis et al., 1982), since linkering is rela- 
tively efficient, and its use eliminates the need 
for the sometimes tricky procedure of titrating 
the tailing reaction conditions. Other methods, 
such as the sequential ligation of two different 
linkers (Maniatis et al., 1982), are now rarely 
used. The linkered cDNA may be cloned into 
a plasmid or a phage vector. The use of syn- 
thetic adapters that ligate at high efficiency 
instead of linkers eliminates the methylation 
and restriction digestion steps (alternate proto- 
col). The recently developed noncomplemen- 
tary adapter strategy (see below) may ulti- 
mately supersede all the above methods as 
vectors with appropriate sites become avail- 
able. 

Size fractionation of cDNA is preferable to 
size fractionation of the initial mRNA primarily 
because DNA is considerably less susceptible 
to degradation than is RNA. In addition, the 
small fragments that are generated during the 
cDNA synthesis process (e.g., due to contami- 
nating nucleases) are removed. These would 
otherwise be preferentially inserted and de- 
crease the yield of long cDNA clones in the 
library. RNA enrichment procedures were un- 
dertaken in the past because cloning efficien- 
cies then were not high enough to ensure the 
representation of very rare mRNAs in the li- 
brary. Currently, the most common reason for 
using mRNA fractionation or enrichment is in 
preparation of subtracted libraries (unit 5.s; 
Hedricketal., 1984). 

The strategy of noncomplementary adapt- 
ers (Fig. 5.6.2), developed by Brian Seed and 
coworkers (Seed, 1987), overcomes the loss 
of library complexity due to self-ligation of 
the cDNA inserts or the vector. This enables 
a high efficiency for the ligation of the vector 
to the insert since there are no competing 
reactions and the vector ends are similarly 
noncomplementary and do not self-ligate. 
The much higher yield of desirable ligation 
products ultimately results in a greater num- 
ber of clones in the library. Furthermore, the 
occasional "scrambles" produced as a conse- 
quence of two unrelated cDNAs ligating to- 
gether during the vector ligation step are 
eliminated; however, "scrambles" at the 



stage of adapter ligation remain possible, 
though infrequent. 

Adapters are favored over linkers in general 
because the methylation and restriction diges- 
tion steps are bypassed, thus simplifying the 
procedure, adapters are required in the alternate 
protocol procedure to ensure that all of the 
cDNA will have the proper, noncomplemen- 
tary "sticky ends." The use of EcoRl-Notl 
adapters for cloning with EcoRl compatible 
vectors introduces the rare Afo/I site at both ends 
of the insert, allowing the insert to be cut out 
of the vector as one fragment, which is not 
always possible with EcoRl linkers if there are 
internal EcoRl sites present. 

The development of noncomplementary 
adapters has enabled the production of high- 
complexity cDNA libraries in multifunctional 
plasmid vectors such as CDM8 (Seed, 1987). 
These vectors permit library screening by func- 
tional expression in eukaryotic cells and pro- 
duction of single-stranded DNA for mutagen- 
esis or subtraction, in addition to conventional 
hybridization methods. For some specialized 
applications and for selectable markers other 
than the supF present in CDM8, other vectors 
that employ the noncomplementary linker 
strategy (and use the same BstXl sequence) 
include several available from Invitrogen with 
different antibiotic resistances and eukaryotic 
selectable markers. Other available vectors in- 
clude AprM8, an ampicillin-resistant version 
of CDM8 (L.B. Klickstein, unpublished re- 
sults), and retroviral vectors in the pBabe series 
(Morgenstern and Land, 1990). 

Critical Parameters 

In order to maximize the length and cloning 
efficiency of the cDNA, it is essential that 
contamination by endo- and exonucleases be 
avoided. EDTA, an inhibitor of most nucleases, 
should be present whenever feasible. Reagents, 
solutions, and enzymes should be of the highest 
quality obtainable. 

The SAM reagent in the methylation step is 
very unstable, must be freshly dissolved prior 
to use, and should not be kept >2 months, even 
if stored dry at -80°C and never thawed. Sta- 
bilized SAM is supplied free of charge with 
methylases purchased from New England 
Biolabs. 

Methylation conditions may be checked by 
methylating X DNA under the conditions de- 
scribed in step 1 of the basic protocol, digesting 
methylated and unmethylated DNA with 
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EcoRl t and comparing the two samples by 
agarose gel electrophoresis. Methylated X 
DNA should be protected from EcoRl diges- 
tion. 

Digested linkers must be completely re- 
moved. Because of their small size, even as a 
small weight percentage of the total DNA, they 
will comprise a large mole fraction; thus, if not 
completely removed, most clones in the library 
will contain only linkers. Some investigators 
remove digested linkers by three sequential 
precipitations from 2 M ammonium acetate. 
However, column chromatography provides 
better resolution of the cDNA from the linkers. 
The CL-4B column also removes small dou- 
ble-stranded cDNA molecules. Purification of 
cDNA by gel electrophoresis after ligation of 
the linkers or adapters may be performed as an 
alternative to the CL-4B column, but the yield 
usually is not as high and the separation of 
linkers or adapters from cDNA is not as com- 
plete. 

If noncomplementary adapters are em- 
ployed, both 5' ends should be phosphorylated 
for optimum results. If complementary adapt- 
ers are used, only the blunt end should have a 
5' phosphate. The other end is phosphylated 
after ligation to the cDNA. 

Because BstXl produces a cohesive end 
with a sequence not specified by the restriction 
site sequence, the adapters and vector must 
correspond — e.g., the cohesive ends of the 
adapters used for the cDNA must be comple- 
mentary to that of the vector. The vectors 
CDM8, AprM8, pCDNAI, pCDNAII, and the 
pBabe series all use the same sticky ends (Fig. 
5.6.2). 

Troubleshooting 

Methylation and addition of linkers to dou- 
ble-stranded DNA are important to the success- 
ful construction of a cDNA library, but cannot 
be evaluated immediately. Unmethylated 
cDNA will clone efficiently and the problem 
will only be detected if the isolated inserts all 
end at an internal EcoRl site. This possibility 
may be minimized by prior evaluation of the 
quality of the SAM used in the methylation 
reaction (see reagents and solutions), or by use 
of the stabilized SAM that accompanies New 
England Biolab's EcoRl methylase. 

Incomplete addition of linkers or adapters 
will be detected as a poor cloning efficiency in 
the next step of ligating the inserts to the vector. 
The problem may be any of the following: (1) 
cDNA was not blunted properly; (2) linkers or 
adapters were not kinased well or not annealed; 




(3) multiple linkers were not cut off with 
EcoRl', (4) ligation reaction did not work. How- 
ever, the problem is usually improperly blunted 
cDN A or linkers that do not ligate well. Eval- 
uate the linkered cDNA (after the CL-4B col- 
umn) by ligating 5% of the sample with no 
vector and running the reaction on a 1 % agarose 
minigel next to an equal amount of unligated 
cDNA. Properly linkered cDNA should signif- 
icantly increase in size as determined by ethid- 
ium bromide staining or autoradiography of the 
dried gel. Poorly linkered cDNA may often be 
salvaged by repeating the blunting and linker- 
ing steps with fresh reagents. 

Inadequate separation of linkers or adapters 
from cDNA will be detected as cloning effi- 
ciency that is too high and as clones with no 
inserts detectable by gel electrophoresis (white 
plaques with no inserts in Xgtll or plaques on 
C600hflA with XgtlO that have no insert). The 
remainder of this cDNA may be salvaged by 
repeating the CL-4B column chromatography. 

Anticipated Results 

Approximately 50% to 70% of the starting 
radioactivity present in the blunt-ended, dou- 
ble-stranded cDNA should be collected after 
the CL-4B column. This typically represents 1 
to 3 \ig of cDNA. In a human tonsil library 
prepared in Xgtll where the inserts were thor- 
oughly evaluated, the mean insert size was 1.4 
kb and actin clones represented 0.34% of all 
recombinants. Three-quarters of the actin 
cDNAs were nearly full length (actin mRNA= 
2.1 kb). 

Time Considerations 

The methylation can be done on the same 
day as the blunting step from the cDNA syn- 
thesis protocol. The linker ligation is then set 
up overnight. EcoRl digestion and CL-4B 
chromatography are performed the following 
day, and the cDNA is either ligated to the vector 
overnight (i/ntts*) or stored as an ethanol pre- 
cipitate overnight and further size selected by 
agarose gel electrophoresis the next day. At any 
ethanol precipitation in the procedure, the 
cDNA may be stored for several days as an 
ethanol precipitate. 

The use of adapters rather than linkers 
eliminates the need for the methylation and 
linker digestion steps. The adapted cDNA is 
immediately loaded onto the CL-4B column 
after the adapter ligation and is used directly 
from the column after ethanol precipitation. 
The subsequent ligation of the adapted cDNA 
and the vector is performed overnight, requir- 
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ing tnKame amount of time with adapters as 
with linkers. 
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